The nanoscale design of quantum dots (QDs) requires advanced analytical techniques.
2
Nanoscale design of colloidal quantum dots (QDs) by the controlled incorporation of paramagnetic impurities or modification of the surface by capping ligands requires analytical techniques with sufficient sensitivity to resolve single atoms and to probe surface properties.
Both the position of the impurities in the host crystal lattice and their interaction with the surrounding environment (e.g. capping ligands, solvent, etc.) are central to the design and exploitation of the nanocrystals in several applications spanning optoelectronics [1] [2] [3] and medical imaging. For example, multi-modal imaging could be enabled by doping QDs with paramagnetic centres. 4 Among several spectroscopic techniques, nuclear magnetic resonance (NMR) and electron spin resonance (ESR) stand out as they can resolve the structure and functionalities of systems that lack long-range order (e.g. proteins and biological membranes), which are otherwise inaccessible with more conventional techniques, such as X-ray diffraction (XRD).
To date, NMR has been employed to probe the structure and surfaces of colloidal metal nanoparticles 5 and quantum dots (QDs). [6] [7] [8] [9] In particular, solid state NMR has been used to probe the incorporation of low concentration of impurities. 10 However, sample preparation involves the precipitation of the nanoparticles, which can affect the nanocrystal surface. In contrast, solution proton-NMR ( 1 H-NMR) is a non-destructive technique 5, 8, [11] [12] [13] and could be equally informative.
ESR is less commonly used than NMR because it relies on the presence of unpaired electrons. This requirement can be fulfilled by doping the nanocrystals with paramagnetic centres. The detection of electron spin impurities by pulsed-ESR methods combined with theoretical modelling enables the determination of structural and dynamical properties with nanosecond resolution. 14 Pulsed-ESR has now become a standard approach for the characterization of proteins using site-directed mutagenesis and spin labelling, 15, 16 nanocrystals doped with magnetic impurities 17, 18 or radiation defects, 19, 20 as well as a method 3 for the detection of NV-centres in diamond as bio-markers, 21 spin qubits, 22 The experimental spectra were simulated using Easyspin software.
27 Figure 1 shows a typical HRTEM image of Mn-doped PbS QDs, and a schematic of a PbS QD with a Mn-atom near its surface, a TGL ligand, which binds to the QDs via the SHgroup, and a TEA molecule. 1 H-NMR spectra were acquired to probe the QD surface and environment, and were compared to those of free TGL and TEA molecules. 
ENDOR). ESEEM and Mims-ENDOR are more
sensitive to low-range nuclear frequencies (typically below ~ 10 MHz), whereas Davies-ENDOR is more sensitive in the mid-high frequency range.
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The ESEEM spectrum of deuterated Mn-doped PbS QDs (Mn = 0.03%) in Figure 5a reveals a resonant peak centred at the Q-band 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 , respectively, as well as for the identification of the sources of electron spin decoherence in quantum information processing (QIP). 33, 38 We envisage that pulsed-ESR could also be sensitive to inequivalent protons 39 individual atoms on a surface. 40 Alternatively, more sophisticated pulsed-ESR methods, which greatly increase the resolution of ENDOR spectra, and hence enable to distinguish between inequivalent nuclear spins, could be implemented. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41 Chemical shift  (ppm) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42 
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